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METHODS AND SYSTEMS FOR FREQUENCY 
INDEPENDENT BEARING DETECTION 

RELATED APPLICATION 

[0001] The present application claims the bene?t of US. 
Provisional Application No. 60/892,029, entitled “METH 
ODS AND SYSTEMS FOR FREQUENCY INDEPEN 
DENT BEARING DETECTION,” ?led Feb. 28, 2007, Which 
is herein incorporated by reference in its entirety. 

BACKGROUND OF THE INVENTION 

[0002] The present invention generally relates to methods 
and systems for determining bearing, and more speci?cally, 
for determining bearing independent of frequency. 
[0003] Today, systems exist for use in aircraft surveillance 
for collision avoidance and tra?ic alert. These conventional 
systems use active interrogation of mode select (Mode-S) and 
Air-Traf?c Control Radar Beacon System (ATCRBS) tran 
sponders that incorporate a passive phased array antenna. 
Conventional Mode-S and ATCRBS transponders transmit 
encoded messages containing information about the aircraft 
in response to interrogation signals received from ground 
based radar or from an aircraft With a tra?ic avoidance system 
(TAS), or tra?ic alert and collision avoidance system 
(TCAS). When the transponder is not broadcasting, the tran 
sponder monitors for transmissions including interrogation 
signals. 
[0004] TAS and TCAS equipment transmits interrogation 
signals that are received and replied to by other aircraft and 
used to determine the location of other aircraft relative to the 
originating aircraft position. Conventional TAS and TCAS 
systems include a 4-element antenna coupled to a radio fre 
quency (RF) transmitter/receiver. The transmitter and 
receiver are remotely coupled to the antenna array by coaxial 
transmission lines. The coaxial transmission lines may be 
several feet in length (e.g., 30 feet long). The antenna array 
utiliZed by conventional TCAS systems are “passive”, in that 
substantially all of the poWer utiliZed to drive the antenna 
array elements is produced at the transmitter/receiver. Simi 
larly, all of the poWer that is used to boost the receive range of 
the antenna array is provided at the transmitter/receiver. 
[0005] The transmitter and receiver are in turn coupled to a 
signal processor that controls transmission and reception of 
TAS and TCAS related information and that performs aircraft 
surveillance operations, such as tra?ic alert and collision 
avoidance operations. The transmitter is coupled to the signal 
processor for transmitting, among other things, interrogation 
signals. A control panel and display are joined to the signal 
processor for operating the TAS/TCAS system and for dis 
playing TAS/TCAS information. 
[0006] The TAS/TCAS system identi?es the location and 
tracks the progress of a target aircraft equipped With beacon 
transponders. As part of the locating and tracking operations, 
the TAS/TCAS system determines a bearing to the target 
aircraft based on received signals from the transponder of the 
target aircraft. Currently, there are three versions of the TCAS 
system in use or in development; TCAS I, II, and III. TCAS I, 
the simplest of the systems, is less expensive but also less 
capable than the others. The TCAS I transmitter sends signals 
and interrogates Mode-C transponders. The TCAS I receiver 
and display indicate approximate bearing and relative altitude 
of all aircraft Within the selected range (e.g., about forty 
miles). Further, the TCAS system uses color coded dots to 
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indicate Which aircraft in the area pose a potential threat (e. g., 
potential intruder aircraft). The dots are referred to as a Tra?ic 
Advisory (TA). When a pilot receives a TA, the pilot then 
visually identi?es the intruder aircraft and is alloWed to devi 
ate up to 300 feet vertically. Lateral deviation is generally not 
authoriZed. In instrument conditions, the pilot noti?es air 
traf?c control for assistance in resolving con?icts. 
[0007] The TCAS II system offers all of the bene?ts of the 
TCAS I system, but also issues a ResolutionAdvisory (RA) to 
the pilot. In the RA, the intruder target is plotted and the 
TCAS II system determines Whether the intruder aircraft is 
climbing, diving, or in straight and level ?ight. Once this is 
determined, the TCAS II system advises the pilot to execute 
an evasive maneuver that Will resolve the con?ict With the 
intruder aircraft. Preventive RAs instruct the pilot not to 
change altitude or heading to avoid a potential con?ict. Posi 
tive RAs instruct the pilot to climb or descend at a predeter 
mined rate of 2500 feet per minute to avoid a con?ict. TCAS 
II is capable of interrogating Mode-C and Mode-S. In the case 
of both aircraft having Mode-S interrogation capability, the 
TCAS II systems communicate With one another and issue 
de-con?icted RAs. 
[0008] The TCAS III system is similar to the TCAS II, but 
alloWs pilots Who receive RAs to execute lateral deviations to 
evade intruders. The TCAS III system is more accurate and 
has a smaller bearing error. Another upgrade, that is proposed, 
has been to add the capability to transmit the aircraft’s GPS 
position and velocity vector to other TCAS-equipped aircraft 
thus providing information that is much more accurate. 
[0009] Each of the above-described surveillance systems 
utiliZes a phase antenna array that, during transmission opera 
tions, performs antenna pattern phasing and, during reception 
operations, determines bearing angle to target aircraft. In 
certain conventional systems, a quadrature demodulator is 
used as a phase detector circuit to determine the bearing to the 
target aircraft. Often, the phase detector circuit is formed 
from numerous analog discrete components that need to be 
“linearized” through an analog feed-back loop. The feed 
back loop complicates system calibration and the overall 
circuit design. Also, the analog phase detector circuit exhibits 
a dynamic range that is unduly limited. Further, the phase 
detector circuits require isolation of each antenna element 
channel. 
[0010] Further, a conventional digital phase detector has 
been proposed that performs direct intermediate frequency 
sampling through A/D converters. The digital phase detector 
is used to determine the phases of the received signals. The 
conventional digital phase detector uses an internal reference 
Waveform that is mixed separately With each of the received 
signals. The combinations from the mixing operations are 
then used to calculate an actual phase of each receive signal. 
HoWever, the conventional digital phase detector has experi 
enced certain limitations. First, calibration of the detector is 
di?icult and complicated. Also, each channel must be isolated 
to ensure the accuracy of each calculated actual phase. 
[0011] Improved bearing detection methods and systems 
are needed that address and overcome the di?iculties noted 
above and otherWise experienced heretofore. 

SUMMARY 

[0012] In accordance With one embodiment, a system is 
provided for estimating bearing of a target, based on RF 
signals received by an array of antenna elements. The system 
comprises ?rst and second input channels that are con?gured 
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to receive analog signals that correspond to cross ?rst and 
second antenna elements. The system also includes an analog 
to digital converter module for converting each of the analog 
signals to digital data and outputting separate digital data 
streams corresponding to each of the ?rst and second antenna 
elements. A phase detector module includes a phase shift 
module for shifting each of the ?rst and second data streams 
by a predetermined amount of time to form ?rst and second 
phase shifted data streams. The phase detector module calcu 
lates in-phase data based on the ?rst and second data streams 
and calculates quadrature data based on the ?rst and second 
data streams and the ?rst and second phase shifted data 
streams. A surveillance module determines a bearing of the 
target based on the in-phase and quadrature data. 
[0013] Optionally, the phase detector module may include 
an in-phase and quadrature detector module implemented on 
a ?eld programmable gate array and programmed to function 
as a pair of digital phase interferometers, Wherein each digital 
phase interferometer processes data streams from cross 
antenna elements. Optionally, the in-phase and quadrature 
detector module may calculate opposite ?rst and second 
pseudo quadrature components based on reverse combina 
tions of the ?rst and second phase shifted data streams and the 
?rst and second data streams. The ?rst and second pseudo 
quadrature components may then be used to calculate differ 
ence quadrature components and summed quadrature com 
ponents. 
[0014] In accordance With another embodiment, a method 
is provided for estimating bearing of a target based on RF 
signals received by an array of antenna elements. The method 
comprises receiving analog signals from ?rst and second 
antenna elements, converting each of the analog signals to 
digital data and outputting separate digital data streams cor 
responding to each of the cross ?rst and second antenna 
elements. The method further includes shifting each of the 
?rst and second data streams by a predetermined amount of 
time to form ?rst and second phase shifted data streams. 
In-phase data is calculated based on the ?rst and second data 
streams, While quadrature data is calculated based on the ?rst 
and second data streams and the ?rst and second phase shifted 
data streams. The bearing of the target is determined based on 
the in-phase and quadrature data. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] FIG. 1 illustrates a block diagram of an aircraft 
surveillance system formed in accordance With an embodi 
ment of the present invention. 
[0016] FIG. 2 illustrates a generaliZed block diagram of an 
aircraft surveillance system formed in accordance With an 
embodiment of the present invention. 
[0017] FIG. 3 illustrates a simpli?ed block diagram of a 
portion of a bearing detection system formed in accordance 
With an embodiment of the present invention. 
[0018] FIG. 4 illustrates a block diagram of one exemplary 
implementation of a digital phase interferometer. 
[0019] FIG. 5 illustrates a block diagram of an alternative 
implementation of a digital phase interferometer. 

DETAILED DESCRIPTION 

[0020] Embodiments of the present invention are described 
in connection With a bearing detection system for a Tra?ic 
Avoidance System (TAS), or Tra?ic Collision Avoidance 
System (TCAS I and TCAS II). HoWever, it is understood that 
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the present invention may be utiliZed in other applications for 
determining bearing to an RF signal source. For example, the 
system may be implemented on a marine vessel, a land-based 
vehicle, a portable apparatus, a hand-held device, and the like. 
[0021] The Minimum Operating Performance Speci?ca 
tions (MOPS) for the TCAS II system is described in RTCA 
document DO-l85A, “Minimum Operational Performance 
Standards for Air Tra?ic Alert and Collision Avoidance Sys 
tem II (TCAS II) Airborne Equipment”, dated December 
1997 and the MOPS for TCAS I and TAS are embodied in 
RTCA document DO-l97A, “Minimum Operational Perfor 
mance Standards forActive Tra?ic Alert and CollisionAvoid 
ance System I (Active TCAS I)” each of Which is incorpo 
rated herein by reference. 
[0022] FIG. 1 illustrates a block diagram of an aircraft 
surveillance system 10 that uses an active phased array 
antenna in accordance With an embodiment of the present 
invention. The system 10 includes an antenna array 12 that 
comprises a plurality of antenna elements 14-17, each of 
Which is mounted to a common antenna Printed Circuit Board 
(PCB) 18. The antenna elements 14-17 transmit and receive 
RF transmit and receive signals, for example at 1030 MHZ 
and 1090 MHZ, respectively. The antenna array 12 forms part 
of an antenna module 20 that is con?gured to be mounted to 
an aircraft or other device used to determine bearing to a 
target. Each antenna element 14-17 communicates over a 
separate physical channel 24-27 Within the antenna module 
20. The antenna module 20 includes a connector module 
(generally denoted by area 22) that includes separate coaxial 
connector elements 62-65 that are associated With each of the 
channels 24-27. The connector module 22 is con?gured to 
couple transmission lines 28-31 With associated correspond 
ing channels 24-27, respectively. 
[0023] The antenna module 20 may include ?rst and second 
circuit boards con?gured to be mounted to the exterior and 
interior, respectively, of an aircraft. For example, the antenna 
module 20 preferably includes an active component PCB 50 
that is interposed betWeen the antenna PCB 18 and transmis 
sion lines 28-31. The active component PCB 50 includes 
poWer ampli?ers 44 and loW noise ampli?ers 45 in each of 
channels 24-27. The poWer ampli?ers 44 are utiliZed during 
transmission operations. The poWer ampli?ers 44 are pro 
vided on the antenna module 50 along each transmit path and 
operate to increase the poWer level of electrical transmit sig 
nals, coming from the transmission lines 28-31. The transmit 
signals are ampli?ed by the poWer ampli?ers 44, such that 
each of the antenna elements 14-17 are driven by RF signals 
at a poWer level substantially higher than the poWer level of 
electrical transmit signals, coming from the transmission 
lines 28-31. 

[0024] The loW noise ampli?ers 45 are provided along 
receive paths on the active component PCB 50. The loW noise 
ampli?ers 45 increase the poWer level of the electrical receive 
signals, received by the antenna elements 14-17, to a prede 
termined receive poWer level before outputting the electrical 
receive signals onto the transmission lines 28-31. Each trans 
mission line 28-31 transmits and receives electrical transmit 
and receive signals, respectively, from and to a remote trans 
mit/receive (T/R) module 32. For example, the T/R module 
32 may transmit interrogation signals or transponder reply 
messages to the antenna array 12 and receive interrogation 
signals or reply information from the antenna array 12. 
[0025] The T/ R module 32 includes transmitter units 80-83 
and receiver units 70-73 that are joined to corresponding 
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transmission lines 28-31. The transmitter and receiver units 
80-83 and 70-73 are joined to a Direct Digital Synthesis 
(DDS) module 53, a processor module 55 and a digital phase 
detector module 57. The DDS module 53 and processor mod 
ule 55 communicate With the phase detector module 57 and 
access a memory module 59 during surveillance operations. 
The DDS module 53 performs beam forming in connection 
With transmit operations. The DDS module 53 directs the 
transmitter units 80-83 to transmit, from one or more antenna 
elements 14-17, interrogation signals in connection With sur 
veillance transmit sequences. The surveillance transmit 
sequences are intended to interrogate potential sources, such 
as transponders on intruding aircraft Within a range surround 
ing the protected aircraft, vehicle, vessel, or device including 
the system 10. The processor module 55 controls interroga 
tion operations and surveillance transmit sequences, such as a 
Whisper/ shout pulse sequence or anATCRBS sequence When 
implemented in an aircraft surveillance application. The 
phase detector module 57 receives, from the receiver units 
70-73, signals over each of channels 24-27 and determines 
phase differences betWeen cross channels. 

[0026] The antenna elements 14-17 are arranged in a pre 
determined geometry, such as a square or diamond, and are 
located ?xed distances from one another. The term “cross” 
shall be used throughout the present application to refer to 
particular relationships of antenna elements, receive signal 
channels and the like. For example, the term “cross antenna 
elements” shall refer to antenna elements that are located 
diagonally across from one another, such as antenna elements 
14 and 16. Antenna elements 15 and 17 also represent cross 
antenna elements. Similarly, “cross channels” and “cross 
receive signals” shall refer to channels and receive signals 
joined and associated With cross antenna elements. For 
example, channels 24 and 26 constitute “cross channels”, and 
receive signals conveyed over transmission lines 29 and 31 
constitute “cross receive signals”. 
[0027] FIG. 2 illustrates a block diagram of a surveillance 
system 100 formed in accordance With an embodiment of the 
present invention. The system 100 includes an antenna array 
112 comprised of antenna elements 114-117, all of Which are 
mounted on an antenna PCB 118. Each antenna element 
114-117 is joined over a dedicated channel 124-127 to an 
antenna control module 120. The antenna array 112 may 
represent an active antenna array or a passive antenna array. 
The primary source of poWer of a passive antenna array, 
during transmit, is provided at a transmitter module 134 and 
the primary source of gain of a passive antenna array, during 
receive, is provided at a receiver module 132. When imple 
mented as a passive antenna array 112, the antenna control 
module 120 may include ?ltering components and other pas 
sive or loW poWer components. Alternatively, the antenna 
control module 120 may be removed entirely in a passive 
antenna array implementation. In an active antenna array 
implementation, the antenna control module 120 may include 
all or a portion of the components described in connection 
With the embodiment of FIG. 1 on the component PCB 50. 

[0028] The antenna control module 120 communicates 
over multiple coaxial transmission lines (generally denoted at 
128) With a transmit/receive sWitch module 130 Which selec 
tively joins the transmission lines 128 With one of the receiver 
module 132 and the transmitter module 134 over receive and 
transmit lines 136 and 138, respectively. The receive and 
transmit lines 136 and 138 each include multiple coaxial lines 
that convey analog signals to and from the transmit/receive 
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sWitch module 130. During a receive operation, the transmit/ 
receive sWitch module 130 joins the receiver module 132 over 
the receive lines 136 to an equal number of transmission lines 
128. During a transmit operation, the transmit/receive sWitch 
module 130 joins the transmitter module 134 over the trans 
mit lines 138 to an equal number of transmission lines 128. 
[0029] The receiver module 132 is joined to an Analog to 
Digital (A/D) converter 140 via analog lines 142. The A/D 
converter 140 is joined over a series of digital channels 144 to 
a digital phase detector module 146. The digital phase detec 
tor module 146 communicates With a surveillance module 
148. The surveillance module 148 is also joined to a DDS 
module 150 that outputs, over a number of digital channels 
152, signals to be transmitted by the antenna array 112. The 
digital channels 152 are provided to a Digital to Analog (D/A) 
converter 154 that converts the digital signals to analog sig 
nals and outputs the analog signals over a number of analog 
lines 156 to the transmitter module 134. The surveillance 
module 148 includes a processor module 158 and memory 
module 160 that are utiliZed in connection With transmit and 
receive operations. 
[0030] Each of lines 128, 136, 138, 142, and 156, along 
With channels 144 and 152, correspond to channels 124-127 
and antenna elements 114-117. Speci?cally, for each antenna 
element 114-117, there is a channel 124-127 and line 128, 
136,138,142,156 and channel 144,152. It should also be 
noted that While in the preferred embodiment four antenna 
elements 114-117 are used, other numbers of antenna ele 
ments are possible. For example, many of the objects of the 
present invention may be accomplished by as feW as three 
antenna elements and associated lines and channels. Altema 
tively, more than four antenna elements and associated lines 
and channels may be used. 
[0031] The operation of the system 10 in FIG. 1 and system 
100 in FIG. 2 Will be described hereafter as related to bearing 
detection operations for estimating the bearing of a target 
based on RF signals received by the antenna array (12 and 
112). The folloWing description is generally in connection 
With the embodiment of FIG. 2. 

[0032] FIG. 3 illustrates a simpli?ed block diagram of a 
portion of the system 100 utiliZed in connection With a bear 
ing determination operation. During a receive operation, RF 
signals received by the antenna elements 114-117 are routed 
(through a series of components not shoWn) through the trans 
mit/receive sWitch module 130 to the receiver module 132 
over separate channels. In the example of FIG. 3, only a 
subset of the components Within the receiver module 132 are 
illustrated, namely doWn converters 162 and bandpass ?lters 
164. The receive signals from the antenna elements 114-117 
have a high frequency (e.g., 1090 MHZ) carrier Wave. The 
doWn converters 162 individually doWn convert or reduce the 
fundamental frequency of the receive signals over each 
incoming channel from the high frequency to a desired Inter 
mediate Frequency (IF) (e.g., 60 MHZ). 
[0033] The doWn converted receive signals are ?ltered 
through the bandpass ?lters 164 and provided over analog 
lines 142 to the A/D converters 140. The bandpass ?lters 164 
operate to block Direct Current (DC) and high-frequency 
components of the receive signals. The A/D converters 140 
may include four separate high speed analog to digital con 
ver‘ters (one for each channel). The analog signals over analog 
lines 142 are output as separate streams of digital data 
samples (digital data streams) over corresponding digital 
channels 144 to the digital phase detector module 146. The 
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sampling rate of the A/D converters 140 may be set such that 
either the intermediate frequency or the alias of the interme 
diate frequency (e. g., When under sampled) Will lie near 
approximately 1A of the sampling frequency. The entire range 
of the receive signal range Will lie Within a range of 0 to 1/2 of 
the sampling frequency. By Way of example, the sampling 
frequency of the A/D converters 140 may be set to 50 MHZ. 
Hence, the digital data streams output over digital channels 
144 Will optimally have a center frequency of approximately 
12.5 MHZ, but may lie at other frequencies such as 10 MHZ. 
Each of the separate digital data streams corresponds to RF 
signals detected at one of the antenna elements 114-117. 
Hence, a set of cross ?rst and second digital data streams 
Would be produced by antenna elements 114 and 116, While 
another set of cross digital data streams Would be produced by 
antenna elements 115 and 117. Optionally, it is possible to use 
different pairs of antenna elements as inputs for each digital 
phase interferometer such as adjacent elements (e.g., 114 and 
115). Optionally, it is possible to use more than tWo digital 
phase interferometers to provide more phase relationships or 
to handle more antenna elements. 

[0034] In the example of FIG. 3, the digital phase detector 
module 146 includes a pair of digital phase interferometers 
166 and 168. Both of the digital phase interferometers 166 
and 1 68 operate in a similar manner and may be implemented 
in different logic devices or in a single logic device such as a 
Field Programmable Gate Array (FPGA). The digital phase 
interferometer 166 receives cross digital data streams from 
cross channels 124 and 126. The digital phase interferometer 
168 receives cross digital data streams from cross channels 
125 and 127. 

[0035] Each of the digital phase interferometers 166 and 
168 performs in-phase and quadrature operations to calculate 
in-phase (I) data and quadrature (Q) data. Each of the digital 
phase interferometers 166 and 168 shifts each of the incom 
ing data streams by a predetermined amount of time to form 
?rst and second phase shifted digital data streams. Each of the 
digital phase interferometers 166 and 168 produces anl data 
stream based on the original cross data streams (undelayed 
and Without any phase shift). Each of the digital phase inter 
ferometers 166 and 168 produces a Q data stream based upon 
opposite combinations of cross data streams, Where each 
combination includes an undelayed data stream and a phase 
shifted data stream. Each digital phase interferometer 166 and 
168 outputs anl data stream 172, a Q data stream 174, and an 
A data stream 176. 

[0036] The surveillance module 148 controls the processor 
module 158 in connection With bearing determination to per 
form cross antenna element phase difference calculations at 
modules 178 and 180. The cross antenna element phase dif 
ferences are supplied to a bearing calculation module 182 that 
ultimately determines a bearing 184 of a target. 
[0037] FIG. 4 illustrates a block diagram of one exemplary 
implementation of a digital phase interferometer 166. The 
digital phase interferometer 166 receives, over ?rst and sec 
ond channels 144 (FIG. 3), cross ?rst and second data streams 
202 and 204. The cross ?rst and second data streams 202 and 
204 are supplied to bandpass ?lters 206 and 208 for ?ltering. 
The data streams output by the bandpass ?lters 206 and 208, 
as denoted by letters a' and b', are provided to a mixer 210 
Which combines the data streams a' and b' by multiplication to 
form a mixed in-phase data stream a'b'. The mixed in-phase 
data stream a'b' is passed through a delay register 214 Which 
introduces a ?xed time delay, for example an amount of time 
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delay that corresponds to approximately one quarter of the 
period of the input Waveform at 202 and 204. The output of 
the delay register 214 is then summed at summer 215 With the 
in-phase data stream a'b' that is input to the delay register 214 
to form a summed in-phase data stream a'b'+(a'b')', the pre 
?ltered I data stream. The pre-?ltered I data stream is then 
supplied to a loW pass ?lter 218 that ?lters the input to form an 
I data stream. 

[0038] The data streams a' and b' are also provided from the 
bandpass ?lters 206 and 208 to delay registers 212 and 216 
that delay the incoming data streams a' and b' for the same 
?xed time delay as in the delay register 214. The phases of the 
phase shifted data streams a" and b" are shifted relative to the 
phases of the incoming data streams a' and b', respectively, by 
approximately 90°. The phase shift is an approximation, as 
the time delays introduced by the delay registers 212 and 216 
are ?xed, While the fundamental frequency of the data 
streams a' and b' may slightly vary. The delay registers 212 
and 216 produce phase shifted data streams a" and b". The 
phase shifted data stream a" is passed to mixer 220, While the 
phase shifted data stream b" is passed to mixer 222. The 
original undelayed data stream a' (that has experienced no 
phase shift) is supplied to the mixer 222, While the original 
undelayed data stream b' (that has experienced no phase shift) 
is supplied to mixer 220. The mixer 220 combines the data 
stream b' and the phase shifted data stream a" by multiplica 
tion to form a cross pseudo quadrature component a"b'. The 
mixer 222 combines the data stream a' and the phase shifted 
data stream b" by multiplication to form a cross pseudo 
quadrature component a'b". The cross pseudo quadrature 
components a"b' and a'b" are supplied to a difference module 
224 that calculates a difference quadrature component, the 
pre-?ltered Q data stream. The pre-?ltered Q data stream is 
passed to a loW pass ?lter 226 that outputs a Q data stream. 
The loW pass ?lter 226 ?lters the pre-?ltered Q data to form a 
Q data stream. 
[0039] The delay registers 212 and 216, and the mixers 220 
and 222 cooperate to calculate opposite ?rst and second cross 
pseudo quadrature components based on reverse combina 
tions of the ?rst and second phase shifted data streams a" and 
b" and the undelayed data streams a' and b'. Thus, the digital 
phase interferometer 166 calculates the pre-?ltered Q data 
stream based on the undelayed data streams a' and b' and the 
phase shifted data streams a" and b". The I data stream and Q 
data stream are supplied to the surveillance module 148 (FIG. 
3). 
[0040] FIG. 5 illustrates a block diagram of an alternative 
implementation of a digital phase interferometer 366. The 
digital phase interferometer 366 receives, over ?rst and sec 
ond channels 144 (FIG. 3) cross ?rst and second digital data 
streams 302 and 304. The cross data streams 302 and 304 are 
supplied to bandpass ?lters 306 and 308 for ?ltering. The 
cross data streams output from the bandpass ?lters 306 and 
308 are denoted by letters a' and b', and are provided to a 
mixer 310 Which combines the data streams a' and b' by 
multiplication to form a mixed in-phase data stream a'b'. The 
mixed in-phase data stream a'b' is passed through a delay 
register 314 Which introduces a ?xed time delay, for example 
an amount of time delay that corresponds to approximately 
one quarter of the period of the input Waveform at 302 and 
304. The output of the delay register 314 is then summed at 
summer 315 With the in-phase data stream a'b' that is input to 
the delay register 314 to form a summed in-phase data stream 
a'b'+(a'b')', the pre-?ltered I data stream. The pre-?ltered l 
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data stream is then supplied to a loW pass ?lter 318 that ?lters 
the pre-?ltered I data stream to form an I data stream. 

[0041] Returning to the bandpass ?lters 306 and 308, the 
data streams a' and b' are also provided to delay registers 312 
and 316 that delay the incoming data streams a' and b' for the 
same ?xed time delay as in the delay register 314. The phases 
of the phase shifted data streams a" and b" are shifted relative 
to the phases of the incoming data streams a' and b', respec 
tively, by approximately 90°. As in the example of FIG. 4, the 
phase shift is an approximation. The delay registers 312 and 
316 produce phase shifted data streams a" and b". The phase 
shifted data stream a" is passed to a mixer 320, While the 
phase shifted data stream b" is passed to a mixer 322. The data 
stream a' is supplied to the mixer 322, While the data stream b' 
is supplied to mixer 320. The mixer 320 combines the un 
delayed data stream b' and the phase shifted data stream a" by 
multiplication to form a cross pseudo quadrature component 
a"b'. The mixer 322 combines the un-delayed data stream a' 
and the phase shifted data stream b" by multiplication to form 
a cross pseudo quadrature component a'b". 
[0042] The cross pseudo quadrature components a"b' and 
a'b" are supplied to a difference module 324 and to a summer 
module 325. The difference module 324 calculates a pre 
?ltered difference pseudo-quadrature data stream (a pre-?l 
tered Q data stream), similar to the pre-?ltered Q data stream 
discussed above, While the summer module 325 calculates a 
pre-?ltered summed pseudo-quadrature data stream (a pre 
?ltered A data stream). The pre-?ltered Q data stream is 
passed to a loW pass ?lter 326 that ?lters the pre-?ltered Q 
data to form a Q data stream. The pre-?lteredA data stream is 
passed to a loW pass ?lter 328 that ?lters the pre-?ltered A 
data to form an A data stream. 

[0043] The delay registers 312 and 316, and the mixers 320 
and 322 cooperate to calculate ?rst and second cross pseudo 
quadrature components based on reverse combinations of the 
?rst and second phase shifted data streams a" and b" and the 
undelayed data streams a' and b'. The digital phase interfer 
ometer 366 calculates the pre-?ltered Q data stream and the 
pre-?ltered A data stream based on the undelayed data 
streams a' and b' and the phase shifted data streams a" and b". 
The I, Q, andA data streams are supplied to the surveillance 
module 148 (FIG. 3). 
[0044] The digital phase interferometers 166 and 168 ?nd 
both a cross pseudo-quadrature component (e.g., a'b") and the 
opposite cross pseudo-quadrature component (e.g., a"b') by 
?ipping the channel that is delayed. When both cross pseudo 
quadrature components are used, a better estimation may be 
found for the relative phase betWeen the tWo channels. Also, 
When the sum and difference of both cross pseudo -quadrature 
components are used to produce both Q and A streams, the 
estimate of the relative phase difference is independent of 
frequency. When either FIG. 4 or FIG. 5 is used Within the 
context of FIG. 3, the system is independent of amplitude, DC 
offset, and common phase offset. 
[0045] Returning to FIG. 3, the I, Q, and A data streams 
172, 174, and 176 are provided to the surveillance module 
148. Next, the modules 178 and 180 determine the cross 
element phase difference betWeen the pair of cross channels 
124 and 126, and the phase difference betWeen the pair of 
cross channels 125 and 127, respectively. As the modules 178 
and 180 operate in the same manner, only one module is 
described hereafter. Module 178 may use one of the folloWing 
equations to ?nd the phase differences betWeen the cross data 
streams 202 and 204 (or 302 and 304) associated With the 
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single pair of cross channels 124 and 126. Equation 1 illus 
trates a simple phase difference calculation. 

0 : arctan(%) Equation 1 

[0046] Optionally, Equation 2 illustrates a method for cor 
recting the case for When the digital cross data streams 202 
and 204 do not correspond to 1A of the sample frequency. In 
Equation 2, f, represents a frequency of the received digital 
cross data streams 202 and 204 (e.g., l0 MHZ) and f5 is a 
sample frequency (e.g., 50 MHZ). 

Equation 2 0=arctan i 
I-si 

[0047] Optionally, the module 178 may use Equation 3 
When the received signals may have an unknoWn frequency. 
When it is desirable to use Equation 3, the embodiment 
described above in connection With FIG. 5 affords good fre 
quency independence. Equation 3 may be used for ?nding the 
phase difference betWeen the data streams 302 and 304. 

0 : arctan 
] Equation 3 

[0048] Optionally, the module 178 may not utiliZe a square 
root operation due to practical equipment limitations, but 
instead utiliZe an arc cosine operation. Equation 4 illustrates 
the process by Which the phase difference may be calculated 
using arc cosine operations. 

I12 _ A2| _ Q2 Equation 4 

BICCOS m 
2 

0: 

[0049] Note that these solutions may contain certain ambi 
guities regarding the quadrant containing the phase differ 
ence, such as When using the arc cosine solution. In the case 
of the arc tangents, it depends on version of the arctan being 
used and Whether signs are preserved. The folloWing guide 
lines help determine the correct quadrant, namely (1) When I 
is positive, then it is knoWn that the signal is on the right half 
plane, otherWise it is on the left handplane or the vertical axis; 
and (2) When Q is positive, then it is knoWn that the signal is 
on the top half plane, otherWise it is on the loWer half plane or 
the horiZontal axis. 
[0050] Once the phase differences are determined, the 
module 182 calculates the bearing, such as based on Equation 
5. SAC is the phase measurement output from arctangent mod 
ule 178. BBB is the phase measurement output from arctan 
gent module 180. YAC is the value of SAC When signals of 
equivalent phase are fed to antenna elements 114 and 116. YBD 
is the value of BBB When signals of equivalent phase are fed to 
antenna elements 115 and 117. YAC and YBD may be deter 
mined by several indirect calibration methods outside the 
scope of this patent. 
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mOd(0AC — mg + 180°, 360°) + Equation 5 

mod (08D — 781) + 180°, 360°) - 360° 

mom/w — VAC + 180°, 360°) _ 

mod (08D - m + 180°, 360°) - 360° 

bearing : arct 

1800 

7r 

[0051] The calculation in Equation 5 may use an arc tan 
gent function that takes both a X andY parameter in order to 
get all 360 degrees of coverage. 
[0052] In yet another embodiment of the present invention, 
the surveillance module 148 may estimate the elevation angle 
as Well When using four elements, all adjacent elements are 
spaced equally, all opposite elements are spaced equally, and 
all elements are in one plane, although the elevation angle 
may not be necessary for operation of a collision avoidance 
system. The surveillance module 148 may estimate the eleva 
tion angle using Equation 6. AC_maxdeviation and 
BD_maxdeviation are the maximum amount that the phase 
can sWing from a state of matched phase at the tWo antenna 
elements to the state When a transmitter is at 00 elevation and 
is directly in line With the tWo antenna elements. AC_maxde 
viation and BD_maxdeviation are determined in a calibration 
process. 

elevation: Equation 6 

[mod (0A6 —7AC + 180°, 360°) - 180°]2 + 
ACimax deviation 

arccos 2 

[mod(0BD —7BD + 180°, 360°) - 180°] 
BDimax deviation 

1800 

7r 

0053 In E nation 6, an ambi ui ma exist on a dual q g y 
antenna installation as to Whether the received signal came 
from the antenna mounted on the top of the aircraft or the 
antenna mounted on the underside of the aircraft The surveil 
lance module 148 may check against the altitude that is 
returned by the interrogated transponder for incorrect alti 
tudes being reported. For installations With top and bottom 
antennas, tWo antennas may be used together for determining 
elevation, to remove the ambiguity of top orbottom reception. 
[0054] While the invention has been described in terms of 
various speci?c embodiments, those skilled in the art Will 
recogniZe that the invention can be practiced With modi?ca 
tion Within the spirit and scope of the claims. 

What is claimed is: 

1. A system for estimating bearing of a target based on RF 
signals received by an array of antenna elements, the system 
comprising: 
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?rst and second analog lines for receiving analog signals 
corresponding to ?rst and second antenna elements 
Within the antenna element array; 

an A/D converter module for converting each of the analog 
signals to digital data and for outputting separate digital 
data streams corresponding to each of the ?rst and sec 
ond antenna elements; 

a phase shift module for shifting each of the ?rst and 
second data streams by a predetermined amount of time 
to form ?rst and second phase shifted data streams, 

a phase detector module for calculating in-phase (I) data 
based on the ?rst and second data streams and for cal 
culating quadrature (Q) data based on the ?rst and sec 
ond data streams and the ?rst and second phase shifted 
data streams; and 

a surveillance module for determining a bearing of the 
target based on the I and Q data. 

2. The system of claim 1, Wherein the phase detector mod 
ule is implemented on a ?eld programmable gate array pro 
grammed to function as a digital phase interferometer. 

3. The system of claim 1, Wherein the phase detector mod 
ule calculates a mixed in-phase data stream by multiplying 
the ?rst and second data streams. 

4. The system of claim 3, Wherein the phase detector mod 
ule includes a delay module that delays the mixed in-phase 
data stream by a ?xed time delay to output the delayed mixed 
in-phase data stream. 

5. The system of claim 4, Wherein the phase detector mod 
ule calculates the I data by loW-pass ?ltering the sum of the 
mixed in-phase data stream and the delayed mixed in-phase 
data stream. 

6. The system of claim 1, Wherein the phase detector mod 
ule includes ?rst and second delay modules that delay the ?rst 
and second data streams, respectively, by a ?xed time delay to 
output the ?rst and second phase shifted data streams, the 
digital phase detector module calculating the Q data based on 
the ?rst and second data streams and the ?rst and second 
phase shifted data streams. 

7. The system of claim 1, Wherein the phase detector mod 
ule calculates a ?rst pseudo-quadrature component by multi 
plying the ?rst phase shifted data stream and the second data 
stream and calculates a second pseudo-quadrature compo 
nent by multiplying the second phase shifted data stream and 
the ?rst data stream. 

8. The system of claim 7, Wherein the phase detector mod 
ule calculates the Q data by subtracting the ?rst pseudo 
quadrature component and the second pseudo-quadrature 
component. 

9. The system of claim 1, Wherein the phase detector mod 
ule loW-pass ?lters the pre-?ltered I data to form ?lteredl data 
and loW-pass ?lters the pre-?ltered Q data to form ?ltered Q 
data, the surveillance module calculating the bearing based 
on the ?ltered I and Q data. 

10. The system of claim 1, Wherein the input channels are 
con?gured to receive high frequency analog signals from the 
individual corresponding antenna elements, the system fur 
ther comprising doWn converters, provided along the input 
channels, doWn converting the high frequency analog signals 
to intermediate frequency analog signals before being con 
veyed to the A/D converter module. 

11. The system of claim 1, Wherein the surveillance module 
determines phase values based on arctangents of the I and Q 
data, and determines the bearing based on the arctangent of 
the phase values. 
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12. A method for estimating bearing of a target based on RF 
signals received by an array of antenna elements, the method 
comprising: 

receiving analog signals from ?rst and second antenna 
elements Within an antenna element array; 

converting each of the analog signals to digital data and 
outputting separate digital data streams corresponding 
to each of the ?rst and second antenna elements; 

shifting each of the ?rst and second data streams by a 
predetermined amount of time to form ?rst and second 
phase shifted data streams; 

calculating in-phase (I) data based on the ?rst and second 
data streams; 

calculating quadrature (Q) data based on the ?rst and sec 
ond data streams and the ?rst and second phase shifted 
data streams; and 

determining a bearing of the target based on the I and Q 
data. 

13. The method of claim 12, further comprising calculating 
a mixed in-phase data stream by multiplying the ?rst and 
second data streams. 

14. The method of claim 13, further comprising delaying 
the mixed in-phase data stream by a ?xed time delay to output 
the delayed mixed in-phase data stream. 

15. The method of claim 14, further comprising calculating 
the I data by loW-pass ?ltering the sum of the mixed in-phase 
data stream and the delayed mixed in-phase data stream. 

16. The method of claim 12, further comprising delaying 
the ?rst and second data streams, respectively, by a ?xed time 
delay to output the ?rst and second phase shifted data streams, 
and calculating the Q data based on the ?rst and second data 
streams and the ?rst and second phase shifted data streams. 

17. The method of claim 12, further comprising calculating 
a ?rst pseudo-quadrature component by multiplying the ?rst 
phase shifted data stream and the second data stream, calcu 
lating a second pseudo -quadrature component by multiplying 
the second phase shifted data stream and the ?rst data stream. 

18. The method of claim 17, Wherein calculating the Q data 
comprises subtracting the ?rst pseudo-quadrature component 
and the second pseudo -quadrature component. 

19. The method of claim 12, further comprising loW-pass 
?ltering the pre-?ltered I data to form ?ltered I data, loW-pass 
?ltering the pre-?ltered Q data to form ?ltered Q data, and 
calculating the bearing based on the ?ltered I and Q data. 

20. The method of claim 12, Wherein the antenna elements 
receive high frequency analog signals, the method further 
comprising doWn converting the high frequency analog sig 
nals to intermediate frequency analog signals before being 
converted to the digital data samples. 

21. The method of claim 12, further comprising determin 
ing phase values based on the arctangents of the I and Q data, 
and determining the bearing based on the arctangent of the 
phase values. 

22. A method for estimating bearing of a target based on RF 
signals received by an array of antenna elements, the method 
comprising: 
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receiving analog signals from ?rst and second antenna 
elements Within an antenna element array; 

converting each of the analog signals to digital data and 
outputting separate digital data streams corresponding 
to each of the ?rst and second antenna elements; 

calculating pre-?ltered in-phase data by mixing the ?rst 
and second data streams and summing the mixed ?rst 
and second data stream With a time delayed mixed ?rst 
and second data stream; 

shifting each of the ?rst and second data streams by a 
predetermined amount of time to form ?rst and second 
phase shifted data streams; 

calculating a ?rst pseudo-quadrature component by multi 
plying the ?rst phase shifted data stream and the second 
data stream; 

calculating a second pseudo-quadrature component by 
multiplying the second phase shifted data stream and the 
?rst data stream; 

calculating pre-?ltered difference pseudo-quadrature data 
by subtracting the ?rst pseudo-quadrature component 
and the second pseudo-quadrature component; 

calculating pre-?ltered summed pseudo-quadrature data 
by summing the ?rst pseudo -quadrature component and 
the second pseudo-quadrature component; 

calculating I, Q, and A data by ?ltering the pre-?ltered 
in-phase data, the pre-?ltered difference pseudo-quadra 
ture data, and the pre-?ltered summed pseudo-quadra 
ture data, respectively; and 

determining a bearing of the target based on the I, Q, andA 
data. 

23. A system for estimating bearing of a target based on RF 
signals received by an array of antenna elements, the system 
comprising: 

?rst and second analog lines for receiving analog signals 
corresponding to ?rst and second antenna elements 
Within the antenna element array; 

an A/D converter module for converting each of the analog 
signals to digital data and for outputting separate digital 
data streams corresponding to each of the ?rst and sec 
ond antenna elements; 

a phase shift module operable for shifting each of the ?rst 
and second data streams by a predetermined amount of 
time to form ?rst and second phase shifted data streams; 

a phase detector module operable fori 
calculating pre-?ltered in-phase data based on the ?rst 

and second data streams, 
calculating pre-?ltered quadrature data based on the ?rst 

and second data streams and the ?rst and second 
phase shifted data streams, and 

calculating I and Q data by ?ltering the in-phase data and 
the quadrature-data; and 

a surveillance module for determining a bearing of the 
target based on the I and Q data. 

* * * * * 


